The nematode Caenorhabditis elegans has been used to examine the influence of 3 epicatechin (EC), an abundant flavonoid in the human diet, in some stress biomarkers 4 (ROS production, lipid peroxidation and protein carbonylation). Furthermore, the ability 5 of EC to modulate the expression of some key genes in the insulin/IGF-1 signaling 6 pathway (IIS), involved in longevity and oxidative or heat shock stress response, has also 7 been explored. The final aim was to contribute to the elucidation of the mechanisms 8 involved in the biological effects of flavonoids. The results showed that EC-treated wild-9 type C. elegans exhibited increased survival and reduced oxidative damage of 10 biomolecules when submitted to thermal stress. EC treatment led to a moderate 11 elevation in ROS levels, which might activate endogenous mechanisms of defense 12 protecting against oxidative insult. The enhanced stress resistance induced by EC was 13 found to be mediated through the IIS pathway, since assays in daf-2, age-1, akt-1, akt-14 2, sgk-1, daf-16, skn-1 and hsf-1 loss of function mutant strains failed to show any heat-15 resistant phenotype against thermal stress when treated with EC. Consistently, EC 16 treatment upregulated the expression of some stress resistance associated genes, such 17 as gst-4, hsp-16.2 and hsp-70, which are downstream regulated by the IIS pathway. 18 42 [8,9]. Furthermore, C. elegans molecular and cellular pathways are strongly conserved 43 in relation to mammals, including humans. Comparison between human and C. elegans 44 genomes confirmed that many of human genes and pathways involved in disease 45 development are present in the worm [10] . Thus, the use of C. elegans offers promising 46 possibilities for studying the influence of secondary plant compounds like flavonoids on 47 0.1% DMSO) were considered statistically significant at p<0.05 (*) and p<0.01 (**) and
Introduction
Flavan-3-ols, such as epicatechin (EC), catechin (C) and their oligomers, the 21 procyanidins, represent a major class of secondary polyphenolic plant metabolites. 22 Flavan-3-ols are among the most abundant flavonoids in the human diet and are mainly 23 present in fruits, tea, cocoa and red wine. These compounds have been reported to 24 exhibit a range of biochemical and pharmacological activities [1] , although their precise 25 mechanisms of action have not been yet elucidated. Traditionally it has been assumed 26 that antioxidant and radical scavenging properties underlay their action mechanism, but 27 currently it is not clear whether other pathways contribute to their overall effect and 28 could be even more important than the radical scavenging properties [2] . 29 Aging is a degenerative process that is receiving increasing attention in recent years. 30 The latest theories suggest that aging is in fact a multifactorial process that is often 31 associated with an increase of oxidative stress leading to cellular damage, as well as by 32 gene mutation due to developmental, genetic and environmental factors [3, 4, 5] . 33 Oxidative stress is an imbalanced state in which excessive quantities of reactive oxygen 34 species (ROS) overcome the endogenous antioxidant capacity of a biological system, 35 leading to an accumulation of oxidative damage in a variety of biomacromolecules, such 36 as enzymes, proteins, DNA, and lipids [6] .On the other hand, ROS have been found to be 37 physiologically vital for signal transduction, gene regulation and redox regulation among 38 others, implying that their complete elimination would be harmful [7] . 39 Caenorhabditis elegans is a simple multicellular organism that constitutes an 40 excellent model for studying mechanisms of aging because of its short lifespan, fast 41 generation time, good molecular and genomic tools and well-defined genetic pathways the process of aging and human health [2] . 48 The aging, metabolism and stress resistance processes are regulated by an 49 environmental conserved insulin/IGF-I signaling (IIS) pathway (Fig 1) [3, 11]. . These transcription factors, in turn, regulate the expression of many 64 genes such as catalase (ctl-1), superoxide dismutase-3 (sod-3), metallothionein (mtl-1), 65 bacterial pathogen defense genes (lys-7, spp-1), molecular chaperones, e.g., small heat 66 shock protein-16.2 (hsp- 16 .2) and glutathione S-transferase (gst-4). All of them key 67 factors that contribute to lifespan, stress tolerance, response to pathogenic bacteria and 68 protein misfolding suppression [15] [16] [17] [18] . 69 Therefore, mutations in DAF-2 or any of the other downstream signaling components 70 produce the downregulation or inhibition of IIS signaling in C. elegans and cause several 71 cytoprotective phenotypes, such as stress resistance (oxidative stress, thermal stress), 72 increased pathogen resistance and long lifespan [8] . In the case of daf-2 mutants the 73 lifespan of the animal is increased more than double and the most remarkable issue 74 about these (and many other) long-lived mutants is that they remain young and healthy 75 long after wild type worms are old and decrepit [4] with bleach:NaOH 5N (50:50). Eggs are resistant whereas worms are dissolved in the 115 bleach solution. The suspension was shaken with vortex during one min and kept a 116 further minute on rest; this process was repeated five times. The suspension was 117 centrifuged (2 min, 9500 g). The pellet containing the eggs was washed six times with 118 an equal volume of buffer M9 (3 g KH 2 PO 4 , 6 g Na 2 HPO 4 , 5 g NaCl, 1 mL 1 M MgSO 4 , H2O 119 to 1 L). Around 100 to 300 μL of the M9 with eggs (depending on eggs concentration) 120 were transferred and incubated on NGM agar plates. When the worms reached the L4 121 stage they were transferred to new plates with or without EC but also containing FUdR In order to evaluate if the developmental stage of the worm had an influence, the 130 different assays were carried out at different stages of development as described below. As expected, a progressive increase in ROS levels was produced as the animals grows 317 older and higher ROS levels were found in thermally stressed animals than in those not 318 subjected to stress. Regarding the effect of EC, a different behavior was observed 319 between younger and older individuals. Thus, up to day 9 of adulthood, similar or slightly 320 lower ROS levels were determined in animals treated with EC than in non-treated 321 controls. This observation was in agreement with previous studies where C. elegans was 322 grown with and without EC up to the sixth day of adulthood [22] . However, from day 9 323 onwards this trend was inverted and higher ROS values were determined in worms 324 grown in the presence of EC than in their corresponding controls, either submitted or 325 not to thermal stress. In previous studies on the influence of EC in C. elegans longevity 326 [30], an increase in the survival rate was observed in the worms treated with EC from 327 day 14 th onwards, which approximately coincides with the time point where ROS levels 328 become higher in the individuals treated with EC in both populations in the assays now 329 performed (Fig 3) . 330 The physiological effects of ROS levels within an organism remains unresolved. 331 According to the free radical theory of aging [31], the cause of aging is the accumulation 332 of molecular damage due to the production of toxic reactive oxygen species during 333 cellular respiration. Nevertheless, although it is clear that oxidative damage increases 334 with age, studies both in invertebrate (worms and flies) or mammals (mice) have 335 suggested that oxidative stress may not be the only cause of aging or at least not 336 according to the classical conception [5, 32, 33]. Indeed, an increasing number of studies 337 seem to contradict the free radical theory, including studies carried out in C. elegans 338 were longer lifespan was found in worms with higher concentrations of ROS. Lee et al, 339 [34] showed that the mild increase in ROS levels induced by the inhibition of respiration Fig 4A.1 and 4A. 2) a slight decrease was observed in 380 the levels of protein carbonylation in worms treated with EC both at days 10 th and 17 th . 381 Although the differences were not significant (p> 0.05), the levels of carbonylated 382 proteins were never higher in the worms treated with EC with respect to untreated 383 animals. This observation suggested that exposure to EC did not lead to an increase in 384 the oxidative damage despite enhanced ROS levels were determined in treated worms 385 than in controls (Fig 3) . In Fig 4 (B.1 and B. 2) it can be 399 observed that a descent was produced in the levels of these peroxidation products in 400 the worms treated with EC with respect to untreated animals in both days of the assay, 401 although only the decline of MDA was significant. Thus, as for carbonylated proteins, 402 the increased ROS levels determined in the worms treated with EC (Fig 3) did not result 403 in an increase in lipid peroxidation, as evaluated by the analyzed markers. 404 Lipid peroxidation can cause loss of membrane integrity and subsequent cell death. 405 Thereby, the observed decrease in lipid peroxidation might explain the increased 406 survival rate and longer life duration in worms treated with EC submitted to thermal 407 stress. This could indicate that chronic exposure to this flavonoid confers protection 408 against oxidative damage, an effect that would be especially evident in later stages of 409 the life of C. elegans, as deduced from the observations made in the longevity and 410 thermal stress resistance assays. 411 In view of these findings, it could be suggested that the moderate increase ROS levels Influence of EC on genes involved in oxidative stress resistance 431 The idea that flavonoids do not act in the organism only as conventional antioxidants 432 but could also modulate multiple cellular pathways is currently gaining strength [41] . 433 The IIS pathway contributes to longevity and oxidative or heat shock stress response and 434 it encompasses highly conserved components from nematodes to mammals, including In the present work, those molecular mechanisms have been explored by checking 441 the ability of EC to modulate the stress resistance in mutant worms for different genes 442 of the IIS pathway and genes that are relevant to stress resistance. The premise of these 443 assays was that EC treatment would not increase the survival of nematodes lacking 444 specific genes that are required for the protection against oxidative damage induced by 445 submitting worms to thermal stress. The stress resistance has been studied in mutant 446 worms at 2 nd and 9 th day of adulthood, in order to check whether the results could be 447 different according to the developmental stage. Thus, young adults in reproductive age 448 and older adults in post-reproductive age were chosen. Furthermore, the effect of EC 449 on the expression of some of these genes by RT-qPCR in EC-treated worms grown under 450 non-stress conditions and after thermal stress was also investigated. 451 DAF-2 is the C. elegans homologue for the insulin/IGF-1 receptor. Activation of DAF-452 2 leads to phosphorylation and cytoplasmic sequestration of the DAF-16 transcription 453 factor via AGE-1, PDK-1, AKT-1, AKT-2, and SGK-1 kinases [2]. Herein, the influence of EC 454 on the resistance to thermally-induced stress was checked in age-1, akt-1, akt-2; sgk-1 455 and daf-2 loss of function mutant strains and we found that the treatment with the 456 flavonoid did not lead to significant enhancement in the stress resistance in any of these 457 mutant strains ( Fig 5) . This result suggests that those genes could be required to explain 458 the mechanisms involved in the effects of the studied flavonoid on improving the 459 resistance against thermal/oxidative stress in C. elegans and also that the resistance to 460 stress mediated by EC involves the IIS pathway. Nevertheless, it is also necessary to take 461 into account that these mutants are long-lived and already more resistant to stress than 462 wild type worms, which might mask a possible increase in the survival of the stressed 463 animals produced by EC. showed that treatment with EC did not increase the survival of these mutants ( Fig 6) , 478 suggesting that these genes are required for EC-mediated enhanced thermal stress 479 resistance in C. elegans. Similar results were obtained for both young adults (day 2) and 480 older worms (day 9). to insulin/insulin-like growth factor (IGF-1) signalling by upregulating a wide variety of 502 genes including cellular stress-response, lifespan, antimicrobial and metabolic genes 503 [18] . As above discussed, the treatment with EC did not enhance resistance to thermal 504 stress of daf-16(mu86) mutants worms, either at days 2 or 9 of adulthood ( Fig 6 A and 7. Effect of EC on the expression of daf-16, hsf-1 and skn-1 genes in wild- HSF-1 is a transcription factor that regulates heat shock response and also has an 524 influence in aging [17] . As for daf-16, the expression of hsf-1 was quantified in wild type 525 worms under normal growth conditions and after thermal stress. The results showed an 526 increase in the expression of this transcription factor in both conditions although the 527 increase was only significant only in thermal stress conditions (Fig 7A and B) . These 528 results, together with the fact that EC did not increase the resistance to thermal stress 529 of hsf-1 mutants (Fig 6C and D) , could indicate that hsf-1 is also involved in the effects 530 produced by EC in the worms. Similar observations were made regarding SKN-1 531 homologue of Nrf-2 transcription factor, which regulates lifespan and oxidative stress 532 response by mobilizing the conserved phase 2 detoxification response [16] . In this case, 533 RT-qPCR experiments showed that EC significantly increased the expression of skn-1 534 under stress but not in normal growth conditions (Fig 7A and B) . These results, together 535 with the survival assays in which no significant increase was observed in the survival of 536 EC-treated skn-1(zu67) mutants compared to control worms (Fig 6E and F) , also 537 suggested the involvement of SKN-1 in the effects of EC. Altogether, these results 538 indicated that the improvement in stress resistance produced by EC involves the IIS 539 pathway by regulating the expression of daf-16, hsf-1 and skn-1 genes independently of 540 the worm age. 541 In line with the results obtained herein, higher resistance to oxidative stress and 542 increased lifespan was found in C. elegans treated with a flavonoid-enriched cocoa 543 powder that contained catechin, epicatechin and procyanidins, which was explained to 544 be mediated by the IIS pathway and sirtuin proteins [42] . Similar studies with 545 chlorogenic acid also concluded that this polyphenol activates the transcription factors 
